Synthetic oligonucleotides (oligos) represent an attractive alternative to cDNA amplicons for spotted microarray analysis in a number of model organisms, including Arabidopsis , C. elegans , Drosophila , human, mouse and yeast. However, little is known about the relative effectiveness of 60 -70-mer oligos and cDNAs for detecting gene expression changes. Using 192 pairs of Arabidopsis thaliana cDNAs and corresponding 70-mer oligos, we performed three sets of dye-swap experiments and used analysis of variance ( ANOVA ) to compare sources of variation and sensitivities for detecting gene expression changes in A. thaliana , A. arenosa and Brassica oleracea . Our major findings were: (1) variation among different RNA preparations from the same tissue was small, but large variation among dye-labellings and slides indicates the need to replicate these factors; (2) sources of variation were similar for experiments with all three species, suggesting these feature types are effective for analysing gene expression in related species; (3) oligo and cDNA features had similar sensitivities for detecting expression changes and they identified a common subset of significant genes, but results from quantitative RT-PCR did not support the use of one over the other. These findings indicate that spotted oligos are at least as effective as cDNAs for microarray analyses of gene expression. We are using oligos designed from ∼ 26 000 annotated genes of A. thaliana to study gene expression changes in Arabidopsis and Brassica polyploids.
Introduction
DNA microarrays provide an exceptional tool to measure and quantify the expression of thousands of genes in a single experiment (Schena et al ., 1995; Schena et al ., 1998) . Current platforms for high-density microarrays include the direct synthesis of oligonucleotides (oligos) (usually 15-20-mers) on glass substrates using photolithography (Fodor et al ., 1991) , micromirror (Singh-Gasson et al ., 1999) or inkjet devices (Hughes et al ., 2001) , or the deposition of DNA samples on to glass substrates using a spotting robot (Schena et al ., 1995) .
Spotted microarrays have some advantages over direct synthesis microarrays, including greater versatility (researchers can make and design their own microarrays, selecting the DNA sources to spot) and lower cost, especially for studies involving a large number of experiments.
Amplified products of cDNA inserts from expressed sequence tags (ESTs) are commonly used as a source of samples for spotted microarrays (DeRisi et al ., 1997; Schena et al ., 1995) , although several technical difficulties are often associated with using this source (Finkelstein et al ., 2002) . First, mismatches of cDNA clones and EST sequences in the database can be common, as high as 38% (Knight, 2001) , due to tracking errors or contamination. Second, the tracking and quality tests of amplified products can be tedious and difficult to manage. Third, cDNAs may not distinguish among members of multigene families, related genes, and differentially spliced genes. Finally, current EST collections represent only 25-50% of the predicted genes in a genome.
An alternative source of DNA samples for spotted microarrays are long synthetic oligos ( ∼ 50 -70-mers) designed from ESTs or annotated genome sequences. Synthetic oligos have advantages over cDNAs because they avoid the need to track clones and amplicons, and they can be designed to have a uniform sequence length (ensuring more uniform hybridization) and high specificity for distinguishing related DNA sequences. Sets of long oligos have been developed using information from all annotated genes of complete genome sequences for several model organisms, including yeast, Drosophila , human, mouse, and Arabidopsis (http:// www.operon.com/arrays/omad.php).
An important question regarding the use of oligos in
microarray experiments is how they compare to cDNAs for detecting gene expression differences. Wang et al . (2003) compared cDNA and 70-mer oligos of 75 rat genes for the detection of gene expression differences in two rat tissues (Wang et al ., 2003) . The accuracy of the two feature types was compared to quantitative RT-PCR (QRT-PCR) for detecting expression differences, and the authors concluded that cDNAs more closely reflected results from QRT-PCR.
Although they stated that oligos provided acceptable sensitivity and specificity for most genes studied, the authors did not compare oligos to cDNAs for their sensitivity in detecting expression differences on a per-gene basis (Black and Doerge, 2002; Black, 2002) (that is, determining the relative magnitudes of variation associated with each gene for each type of feature).
Sensitivity is important for identifying significant fold-changes in gene expression studies, and it must be determined within the context of the design used for an experiment.
In this paper, we show the results of a microarray study comparing 192 pairs of oligo and cDNA features for analysing changes in gene expression in Arabidopsis and Brassica .
Our objectives were to: (1) compare sources of variation associated with elements of the statistical design in the microarray experiments, (2) compare sources of variation for the experiments using the same set of features to detect gene expression in related species ( A. thaliana , A. arenosa and B. oleracea ) , and (3) compare the sensitivity of cDNA and oligo features for detecting gene expression changes.
Results
We conducted three sets of dye-swap experiments. Within each set of experiments, we analysed individual dye-swap experiments separately by analysis of variance ( ANOVA ) including data for 183 of 192 genes (nine genes were omitted because of wrong clone identity). A set of 96 genes in the control plate was not analysed because the controls and data normalization were not needed in the linear model (Black and Doerge, 2002; Kerr and Churchill, 2001 ). The portions of variation attributed to factors in the model are reported as mean squares in bar plots for each set of experiments. For the third set of experiments comparing A. thaliana leaf and flower bud RNAs, we also show mean fold change for the 183 genes analysed, as well as the results from assaying the target DNA with oligo and cDNA features, separately. The changes in expression of some genes detected by these microarrays were compared to results from quantitative RT-PCR.
Comparison of the sources of variation for different

RNA preparations
In the first set of experiments, three RNA preparations (RNA1, RNA2 and RNA3) from three bulk samples of A. thaliana leaves, and a bulk of the three preparations (RNA123) were used as targets in four dye-swap experiments: RNA1 vs. RNA2, RNA1 vs. RNA3, RNA2 vs. RNA3 and RNA123 vs. RNA123). Each experiment included three dye-swaps using six slides, providing a total of 13 176 data points per experiment (183 genes × 2 feature types × 2 dyes × 6 slides × 3 replicates per slide).
The portions of variation attributable to factors in the model were similar for all four experiments (shown as mean squares in Figure 1 ) and the unexplained portion of total variation (random error) was small in each experiment (13-20% of total sums of squares). The residual plots (data not shown)
for the error variation demonstrate a non-random residual pattern for all four experiments that is due to larger residuals for smaller expression values (i.e. funnel shaped). Typically, smaller gene expression values have more variation in their intensities, and as such can only be accurately assessed via replication. The most significant sources of variation were due to slide (S), dye (D), feature type (F, oligo or cDNA), and gene (G) (Figure 1) . The large slide and dye effects highlight the importance of including these factors (and their interactions with genes) in the model, because otherwise this variation would have contributed to random error and reduced our ability to detect significant fold changes in gene expression. The large gene effect (G) was expected because the 183 genes analysed were expected to have a wide range of expression levels. Feature type (oligo vs. cDNA) and FG (feature-by-gene interaction) also made a large and significant contribution to total variation. Inspection of mean log-fold changes for the four dye-swap experiments (data not shown) revealed that cDNAs had a greater signal than oligos for most genes (accounting for the significant feature effect), but for some genes cDNAs detected less signal than oligos (accounting for the significant FG effect). These results indicate that the two feature types detected significantly different levels of expression for some genes (to be addressed further below).
The target effect (T, RNA sample vs. RNA sample) was small and significant only for RNA1 vs. RNA2 and RNA123 vs. RNA123, and the TG (target-by-gene interaction) effect was small and non-significant for all of the dye-swap experiments (Figure 1 ). The null hypothesis tests (T and TG combined) were non-significant for all of the four experiments and only four genes showed significant mean log-fold changes across all of the experiments (out of 183 × 2 × 4 = 1464 tests) using a significance level of 0.01. The target (T) effect was included in the hypothesis tests because the average target effect differed between RNA samples (for a full discussion see Black, 2002) . These results indicate that the use of multiple RNA preparations accounted for very little variation in our experiments, and that testing a single bulk of multiple RNA preparations gave similar results to testing different single RNA preparations.
Comparison of sources of variation for targets from related species
In the second set of experiments, separate dye-swap experiments were conducted for targets from A. arenosa and B. oleracea using a single RNA preparation from leaves of each genotype. For each species, two dye-swaps were performed using four slides. The ANOVA revealed a similar partitioning of variation which was attributable to factors in the model and the feature-by-gene interaction (FG) effects were significant in both experiments. Plots of the mean log-fold changes (data not shown) comparing the two feature types (cDNAs and oligos) were similar to those from the A. thaliana experiments, showing that cDNAs generally had higher signals than oligos, but cDNAs for some genes had a lower signal than oligos. The variation for the target effect (T) was small but significant for both experiments, the TG effects were not significant, and the null hypothesis tests were not significant.
An important observation was that the unexplained portion of the total variation for these two experiments was small (11-13%) and similar to the A. thaliana experiments (13-20%), and the residual plots were similar for the two sets of experiments. Thus, the experiments using microarrays based on A. thaliana gene sequences had similar power for detecting significant effects on gene expression in all three species.
Comparison of cDNA and oligo features for sensitivity in detecting gene expression changes
In the third set of experiments, two subsets of dye-swap experiments were conducted in order to compare the sensitivity of cDNA and oligo features for detecting gene expression changes between leaves and flower buds of A. thaliana .
Single RNA preparations from each tissue were used and the targets were hybridized to six slides for each experiment (three dye-swaps). The first subset of dye-swap experiment utilized slides prepared as before, including an extra denaturation step [submersion in 95 ° C distilled water for 2 min, as recommended by Eisen and Brown (1999) and TG effects were much larger and significant, and the test of the null hypothesis (T and TG combined) also was significant.
These results were expected because many genes should have different expression levels in the two different tissues tested. The variation due to feature type (F) and FG also were significant, indicating that cDNA and oligo features detected different changes in gene expression between the two targets.
Data for the two feature types (cDNA and oligo) were analysed separately (Figure 3b ). Although the portion of variation due to T and TG effects were similar for the two feature types, the oligo features had twice as large a random error and a residual plot with a larger cloud of points compared to the cDNA features (data not shown). Thus, the denatured oligo features were less sensitive for detecting changes in gene expression than were the denatured cDNA features.
Fewer significant gene expression changes were identified by the denatured oligo features ( Figure 3c and Table 1 ).
Oligos are single stranded and do not require denaturation, and the extra boiling step may have adversely affected their performance more so than it did the cDNAs, which have longer sequences and probably bind more securely to the slides. This step may also not be required for cDNA amplicons, since they are probably denatured in the baking step (80 ° C for 1 h) (Eisen and Brown, 1999) . In the second subset of dye-swap experiments, the slides were not denatured using boiling water. The ANOVA revealed significant effects due to feature type (F) and feature-by-gene interaction (FG), but these effects were significantly less than when compared to the denatured equivalent (Figure 3a,d ).
Data from each undenatured feature type (cDNA and oligo) were analysed separately (Figure 3e ). For the undenatured cDNA features, the partitioning of variance was similar to those of the denatured cDNA features, except that the mean squares for the target (T) parameter were much smaller and not significant. Hypothesis testing resulted in approximately the same number of genes, with significant changes in expression being detected as for the denatured cDNA features (Figure 3c ,f, Table 1 ). There were several noticeable differences in the ANOVA of data from the undenatured oligo features compared to the ANOVA of data from the denatured oligo features. The slide and dye effects were much smaller, although still highly significant (Figure 3b ,e). Most importantly, the random error was much smaller (∼sevenfold) and the residual plot was a tighter cloud. Thus, the undenatured oligo features were much more sensitive and detected more genes with significant changes in expression than did the denatured oligo features (Figure 3c ,f). The undenatured oligos also had a smaller error variance than the denatured or undenatured cDNA features and they detected more genes with significant expression changes than either of these cDNA features (Table 1) .
The extra denaturation step had deleterious effects on the sensitivity of the oligo features and it did not appear to be needed for effective hybridization to the cDNA features, since similar results were obtained for these features, both with and without denaturation. Thus, we used results from the dye-swap experiment with the undenatured features to make gene-specific comparisons. In this experiment, only about one-third of the significant genes detected by both feature types were common between the two feature types (Table 1) 
Discussion
Our first set of experiments was conducted to investigate the sources of variation in microarray experiments using two that there is little need to replicate this factor in microarray experiments. However, the variation among RNA preparations should be evaluated in each laboratory because it could differ depending on the tissue source and the protocols used to collect tissue and isolate RNA (Finkelstein et al., 2002) .
One alternative to testing multiple individual preparations is to bulk several preparations prior to labelling and hybridization. This approach would not obscure a large source of variation and it gave very similar results to the use of multiple individual preparations in our experiments.
The largest sources of variation in these experiments were among slides, dye labellings and feature types. Variation due to slide and dye labelling can be sampled by replicating these factors and can be partitioned from other sources of variation in the model (Black and Doerge, 2002; Kerr and Churchill, 2001 ). In addition, it may be possible to improve labelling efficiency and reduce the incorporation bias of the two dyes using different labelling methods, such as amino-allyl dye coupling (Randolph and Waggoner, 1997) or dendritic nucleic acid structures (Nilsen et al., 1997; Stears et al., 2000) . However, for some unknown reasons, the dendrimer molecules bind randomly to some oligos in our hands (data arenosa (Hanfstingl et al., 1994; Henikoff and Comai, 1998; Lee and Chen, 2001 ) and > 85% between A. thaliana and Brassica (Cavell et al., 1998) . These high percentages of sequence identities suggest that the majority of cDNAs and oligos will cross-hybridize with A. arenosa and Brassica cDNAs, although Brassica and Arabidopsis diverged at ∼20 mya and A. thaliana and A. arenosa at ∼5.8 mya (Koch et al., 2000 (Koch et al., , 2001 . Indeed, the hybridization intensities detected The Arabidopsis cDNA microarrays have been shown to hybridize well with probes prepared from Brassica napus (Girke et al., 2000) and to detect 23 -47% of the features in some distantly related plant species (Horvath et al., 2003) .
Microarray-based expression studies on Drosophila, C. elegans and yeast have been successfully applied to assess the variation of gene expression among different populations in related taxa (Rifkin et al., 2003; Townsend et al., 2003;  reviewed in Hartl et al., 2003) .
The third set of experiments were designed and analysed to compare the sensitivities of cDNA and oligo features for detecting gene expression changes in the leaves and flower buds of A. thaliana. We found that cDNAs were more sensitive than oligos when an extra denaturation step (boiling for 2 min) (Eisen and Brown, 1999) was used in preparing the slides. When this step was omitted, oligos were more sensitive than cDNAs. This boiling step did not appear to have any effect on the detection of gene expression changes by cDNA features. Apparently, it was not needed for creating single stranded cDNAs, probably because the baking step had already done this, and it did not increase the error variance, because the cDNA strands were long enough to remain fixed to the slides during boiling. The boiling step had a large effect on increasing the error variance of oligo features, perhaps because their short length caused a less stable fixation to the slides. Moreover, although the hybridization buffer used did not include a denaturing agent, the baking step and oligo design software ensured the minimum formation of secondary structure that may affect hybridization intensities. Thus, the difference in the number of significant genes detected by 70-mer oligos and cDNA amplicons (see below) reflected a difference in sensitivity and specificity of the two feature types in microarray experiments.
A comparison of the differentially expressed genes detected by the two feature types revealed a common set of genes that included about one-third of all significant gene expression changes detected by both feature types (Table 1) .
Although some genes that were uniquely detected by features; however, the method for denaturating the features was not described (Wang et al., 2003) .
The actual levels of specific mRNAs in any given tissue cannot be determined; they can only be estimated using various assay methods (Dudley et al., 2002; Wang et al., 2002; Yuen et al., 2002) . Quantitative RT-PCR has advantages over hybridization methods because the primers used for amplification can be designed for a higher specificity than hybridization probes. However, results from quantitative RT-PCR can have large error variances for some genes and the estimates obtained may not reflect actual mRNA levels. This method also is impractical for screening a large number of genes. Other assays such as AFLP-cDNA display (Bachem et al., 1996) , serial analysis of gene expression (SAGE) (Velculescu et al., 1995 (Velculescu et al., , 1997 and massively parallel signature sequencing (MPSS) (Brenner et al., 2000) can also be used for quantitative analysis of genome-wide transcription profiles; however, the techniques require a series of procedures involving adaptor ligation, PCR amplification and the sequencing or in vitro cloning of various signatures on to microbeads. Microarrays are one of the best current methods for assaying the expression changes of many genes. Spotted oligo microarrays have advantages over cDNA microarrays because of their greater uniformity, lower chances for errors, and greater ease of handling (Knight, 2001 ). However, oligos may compromise hybridization intensities because of the relatively short length of each oligo. Indeed, the overall hybridization intensities of 70-mer oligo-array (Wang et al., 2003) and Affymetrix chips (∼20 mers) are often low. A general rule is that longer oligos have a higher sensitivity but lower specificity. In a previous study, Relogio et al. (2002) showed that 60-mers had sevenfold more sensitivity but ∼fourfold lower specificity than corresponding 25-mers. In our study, 70-mer oligos had over 90% of the hybridization intensities compared to corresponding cDNAs for the majority of genes (Figure 4 ). Oligos based on ∼26 000 annotated genes from the Arabidopsis genome sequence are available, and we are using these to study gene expression changes in synthetic polyploids of Arabidopsis and Brassica species.
Experimental procedures
Oligonucleotide design, amplification and verification of EST clones The remaining 39 genes did not have matching ESTs in public databases, and for these genes, corresponding genomic fragments were amplified by PCR using primers matching the last exon of the predicted coding sequences. cDNA and genomic DNA sequences were amplified by PCR using 1-2 ng of plasmid DNA or 50 ng of genomic DNA added to 100 µL PCR mixture containing 0.2 mM each nucleotide, 1 µM each primer, 1.5 mM Mg 2+ and five units of Taq polymerase (Promega, Madison, WI). Sequences were amplified using 40 cycles (94 °C for 30 s, 42 °C for 30 s, 72 °C for 2 min) with an initial denaturation step at 94 °C for 2 min and a final extension at 72 °C for 5 min. After PCR, a 5 µL aliquot of the reaction was electrophoresed on a 1.0% (w/v) agarose gel to check for amplification and anticipated fragment sizes. The PCR products were then purified using QIAquick-96 columns (Qiagen, Chatsworth, CA). The total yield of each PCR amplification was 5-10 µg, with fragment sizes of 0.5-2 kb.
To verify the identity of cDNA clones, we sequenced purified PCR products using the dideoxy chain termination method (Sanger et al., 1977) on an ABI 377 sequencer. Approximately 16% of cDNA clones from ABRC or KDRI did not match the sequence assigned to these clones in databases, or they had more than one insert. About 11% of those were replaced with PCR-amplified genomic fragments as described above. The remaining 5% (or nine cDNAs) with wrong clone identity were spotted on the slides, but data from these genes were not analysed. These results are in agreement with previous reports on different species, which showed that a high portion of clones in EST collections are mislabelled or contaminated (Knight, 2001 ). features from the control plate were not analysed in this study.
The printing patterns for the three replicates within a slide were identical, but four printing patterns were created among slides by changing the order of the plates such that each sample was printed using a different pin in each printing pattern. The DNA elements in each plate were arranged within a plate so that the oligo and corresponding cDNAs were printed in matched rows or columns within a replicate (e.g. oligo in row 1, cDNA in row 3 for pattern 1, and oligo in row 2 and cDNA row 4 for pattern 2). The resulting slides each contained 1728 spots (576 × 3) in an area of 18 × 30 mm.
After printing, the slides were treated as described previously (Eisen and Brown, 1999) . Briefly, slides were placed (DNA side down) over steaming 1× SSC, then baked (DNA side up) at 80 °C for 1 h, followed by UV-cross-linking at 150-300 mJ using 1800 Stratalinker (Stratagene, La Jolla, California). The bound DNA was denatured for 2 min in distilled water at 95 °C, although this step was omitted for one . The plants were grown as previously described (Chen et al., 1998; Madlung et al., 2002) . Briefly, seeds were germinated on soil-less peat mix (Sunshine no. Immediately after the last wash, the slides were dried by centrifugation (3 min at 500 r.p.m.). The fluorescent signals of the hybridized microarrays were captured using a GenePix 4000B (Axon, Foster City, CA) at a resolution of 10 µm and quantified using GENEPIX Pro4.1 software. The data were transformed to the log scale to allow the use of a linear (rather than a multiplicative) model (Black, 2002) .
Experimental design
Microarray experiments are block designs in the traditional language of statistical experimental design. Dye-swap experiments are a simple and effective design for comparing two targets (or samples) directly, in that they use two slides but switch the colour of the fluorescent dyes (Cy3 and Cy5) for the two targets. This is equivalent to a Latin square experiment, with slide considered as a block of size two and dye treated as a second blocking factor, also of size two. In repeated dye-swap experiments, four, six, or more slides are used for the same two biological targets.
The advantage of the dye-swap is that it permits an estimation of all parameters in the ANOVA model, since the factors are balanced (i.e. every possible combination of factors is observed).
Analysis of variance (ANOVA) model
The notation X ijkplm is used to denote the mth replicate spot of gene l with feature type p under target condition k labelled with dye j on slide i. After log transformation, Y ijkplm = log(X ijkplm ).
The ANOVA model for this situation is given by: 
Hypothesis testing
The presence of differential expression in a microarray expression is represented by significant differences in T + TG terms for a particular gene (Black, 2002) . The following hypotheses are tested to determine whether a gene, g, has undergone differential expression between targets t and t′ (e.g. flower RNA vs. leaf RNA). A standard t-test statistic is used for this comparison, based on the normality assumption for the residuals. To control for multiple testing errors, both Holm's and the false discovery rate (FDR) were employed. Holm's sequential adjustment provides strong control of the family-wise error rate (FWER) below level α with greater power than the standard Bonferroni method (Hochberg and Tamhane, 1987) . The false discovery rate (FDR) controlling method of Benjamini and Hochberg (Benjamini and Hochberg, 1995) provides weak control of the FWER, and controls the FDR below level α. The FDR is defined as the expected proportion of incorrect rejections of H 0 , relative to the total number of rejections. The significance level α = 0.01 was chosen for this study.
Quantitative RT-PCR analysis
Quantitative or real-time RT-PCR (QRT-PCR) analysis was performed in an ABI Prism 7700 detection system (PE Applied Biosystems, Foster City, CA) using SYBR green dye method (Yuen et al., 2002) . In brief, gene-specific primers (see online supporting data) were designed using annotated sequences obtained from GENBANK for each of 16 genes selected from the oligo and cDNA microarray experiments. Primers were designed using PRIMER EXPRESS (version 1.0) software. The reverse transcription reaction was carried out in a final volume of 40 µL containing 10 µg of total RNA from A. thaliana leaves and flower buds (same preparations that were used for the microarray experiments), 10 mM dithiothreitol, 500 µM deoxynucleotide triphosphates, 2 µg of oligo (dT) 15 , 60 units of RNasin, and 200 units of Superscript RNase H -(Gibco BRL).
The reaction mixture was incubated at 42 °C for 90 min, followed by heating at 95 °C for 5 min and rapid cooling on ice. The cDNA was then purified using a DNA purification kit (Qiagen, Valencia, CA). The PCR was performed in one cycle at 50 °C for 2 min and 95 °C for 10 min followed by 50 cycles at 95 °C for 15 s and 60 °C for 15 s. SYBR Green master mix was used to quantify the amount of first-strand cDNA products according to the manufacturer's recommendations.
Each reaction was carried out in a final volume of 20 µL containing 2 µL of 1 : 100 (v/v) dilution of the first-strand cDNA products. Primers for 18S rRNA were included in each reaction, and the amplification products were used to standardize the quantity of gene-specific RT-PCR products from the two RNA samples. The 1 : 100 dilution was selected based on results from testing a dilution series, as recommended by the manufacturer. Three reactions were performed for each gene and RNA sample. Parallel PCR reactions were carried out using RNase-treated RNA samples and reverse-transcription free RNA samples in PCR reactions to ensure that the PCR products were amplified from RNA and not from DNA contaminants. Data were analysed using ABI prism SDS version 2.0 software and fold-differences were calculated using the comparative C T method according to the manufacturer's recommendations.
